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PREFACE

The work described in this report was performed by the Space

Sciences Division of the Jet Propulsion Laboratory.
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ABSTRACT

In this report, we present the method used to calculate the velocity,
temperature, and density of the solar wind plasma from spectra obtained
by attitude-stabilized plasma detectors on the earth satellite OGO 5. The
method, which uses expansions in terms of Hermite polynomials, is very
inexpensive to implement on an electronic computer compared to the least-
squares and other iterative methods often used for similar problems in

the past.
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COMPUTATION OF SOLAR WIND PARAMETERS
FROM THE OGO-5 PLASMA SPECTROMETER DATA

USING HERMITE POLYNOMIALS

DESCRIPTION OF THE INSTRUMENTS

Ludwig (1963) has given a description of the OGO satellites. The
plasma experiment reported here consists of two nearly identical packages:
one looking toward the sun, and the other looking radially away from the
earth. Each package contains both a curved-plate electrostatic analyzer
and an ac Faraday cup.

Let us consider only the solar-oriented package. The basic concepts
of its operation can be understood with the aid of the flow diagram in
Fig. 1.

The Faraday cup makes high time resolution measurements of the total
charge flux of those positive ions whose velocity component parallel to the
satellite-sun line corresponds to an energy per unit charge (E/Q) between
100 and 11,000 volts; this range of E/Q usually includes both the protons
and the o particles in the solar wind.

The average direction of positive-ion flow can be computed from the
relative currents reaching each of four collectors in the Faraday cup. The

details of this calculation are given in Appendix 1.
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At the same time that the ions' total charge flux and direction are
measured by the Faraday cup, a series of voltages is applied to the elec-
trodes of the electrostatic analyzer to obtain the E/Q spectrum either of
positive ions or of electroms. This curved plate analyzer has much in
common with one flown on Mariner 2 (Neugebauer and Snyder, 1966; Graham
and Vescelus, 1967). Positive ions entering the detector pass through
(1) an entrance aperture at the spacecraft ground potential, (2) the
cylindrical deflection electrodes, which are 120° in length and which have
the ratio of the radius of curvature of the outer electrode to that of the
inner electrode equal to 1.134, (3) an exit aperture at ground potential,
and (4) a suppressor grid at a potential of — 12 volts with a transparency
of 92%. The ions then enter a collector cup, and the current to this
collector is determined by the electrometer system for each voltage setting
(channel) on the deflection electrodes.

There are 128 overlapping E/Q channels equally spaced on a
logarithmic scale between 2.54 volts and 16.9 kv; « particles should
appear 10 channels above protons with the same velocity. A few more
details about the operation of the curved plate analyzer are given in
Appendix 2.

The assumption that each ion species in the plasma can be described
by a Boltzmann distribution (temperature T) in a reference frame moving
relative to the detector with velocity vy in a direction given by 90 and
?, allows one to calculate values of T, Vs and density n, from a spec-
trum. It is then possible to apply a temperature correction to the

calculation of eo and P from the Faraday cup currents and then repeat
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the calculation of Vs T, and n (see Fig. 1); however, for the ratio of
thermal velocity to flow velocity usually found in the solar wind, this
correction is negligible compared with other uncertainties in these angles.

Next, the apparent, or measured, total charge flux can be corrected
for angle of incidence and temperature to obtain an estimate of the true
total charge flux = Zqinivi, where the sum is taken over all species of
positive ioms,

It is known that all species of ions in the solar wind have approxi-
mately the same velocity (Bame et al., 1968; Ogilvie et al.,, 1968) and that
the solar wind is electrically neutral (Montgomery et al., 1968). Thus,
(Zqinivi)/v =0, the electron number density.

The electron number density can also be calculated by summing the
positive-ion qn; as determined from the curved-plate analyzer spectra.
However, a large thermal anisotropy, which has often been observed in the
solar wind (Scarf et al., 1967; Hundhausen et al., 1967) will introduce

a greater error into this method than into the method using the total

charge-flux measurements,

METHOD OF COMPUTING PLASMA PARAMETERS FROM CURVED PLATE ANALYZER SPECTRA

The current & measured by the electrometer of the curved plate

analyzer when the voltage across the plates is set for channel I is given

I(I) = qA'/:/:/.g:L (9) g5 (-\-:—r-,cp) v cos B cos O €))
1

f(v,8,p) d3v

by

JPL Technical Memorandum 33-519



where:
q = charge of the incoming ion
A = effective detector aperture area = 2.26 cm®
v = velocity of the ion

v. = velocity at center of channel I

The angles 6 and @ are defined as shown in Fig. 2. 1In this

coordinate system
d®v = vPcos 0 do dp dv . (2)

The product g, (©) gg(v/vl,w) is the response function of the analyzer.

1 +6/10.1° for 6 < O°
1 -6/10.1° for 6 = (°
=0 for |o| > 10.1°

gy (8)

[

(3)

The function gg(v/v1,¢) cos @ was determined experimentally by calibration
with a cold argon ion beam of large cross-section. This function is
plotted in Fig. 3.

f(v,0,9) is the distribution function of the ions. If we assume
the particles have an isotropic Boltzmann distribution superimposed on a

convection velocity of magnitude v, and direction given by 90 and P,

3
_ 2 -mlv-; |2/2kT
£(v,6,9) = n (anT) e o (4)
a2 12 = 2 2
IV VOI v© o+ vy 2y vo[cos 9 cos @ cos 90 cos mo
+ cos 6 sin ¢ cos 60 sin P, + sin 6 sin Go] (5)
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When Eqs. (2) through (5) are substituted into Eq. (1), the 6
integral can be done either analytically (if it is assumed that 6 is a
small angle) or numerically (for any 6). The ® and v integrals have been

done numerically., The result is

HI) = A n v G[v(I),90,¢0,§]

where

<
il

velocity at center of channel I
V(1) = log (v{/v )

2
mVO
5 = log ( 2kT)

Examination of many computed values of G suggested it could be rewritten

convection velocity

<
Il

as

v 60,8 = [Tlv(0) 0,.8] = lv(m,0,6,,8] | x 10765 )

A least-squares fit of the function

c[v(1),6 .9 _,E]
— log
92 EEV(I)3O:QPO,§]

(o]

to a power series in & gives
G, (E) = (5.05006 - 10.6985 £ + 8.62214 & - 1.506114 £°) X 107°

for 90 in degrees.
T[v(I),wo,gj has been computed and tabulated as TAB(I,J,L):

I=1to 16 for W(I) =[- 8 1og 2%° = - .12041] to [+ 7 log 2°0° =

.10536) in steps of Av(I) = log 2'9% = 015052 = 1 channel.
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[
1]

1 to 11 for ¢_ = - 10° to + 10° in steps of o = 2°

[l
1]

1 to 10 for & = 1.2 to 3.0 in steps of A€ = 0.2

Appendix 3 is a listing of TAB(I,J,L). [Note: A minor goof
resulted in each value of the array TAB(I,J,L) being too big by a factor
of 2. This was taken into account when calculating density. ]

In computing the plésma parameters corresponding to a measured
series of 4(I) (i.e., a spectrum), it is assumed that the angles 90 and
wo are known from the Faraday cup measurements. A computer program was
written to find the values of n, Vs and € = log( mvi/ZkT) which minimized
the function

2
Z [J(I) -qA n v 10'92‘31(5) T (:—1 ,CPO,§)}
- o
The computations were iterative and time consuming. Thus we wrote a
second computer program which computes n, v and § by comparing the
coefficients of the Hermite polynomials of the measured and the theore-

tical spectra; it is a relatively quick, non-iterative calculation.

HERMITE POLYNOMIALS

A function w(x) which is shaped sort of like a Gaussian, can be
expanded in a series of Hermite polynomials as:

n

o = G, e-(x-§)2/202 1 +Z _::. H. (&-_x_)
P

o \21 i=3

where the Hermite polynomials of order 3 and 4 are
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Ha(x) = x°- 3x
Hy(x) = x* - 6x°+ 3

and in general Hp,, (x) = x Hn(x) - Hn'(x)

X Hn(x) - n Hy_,y (%)

The low order coefficients can be expressed in the following form:

e o]

C0 = / w(x) dx

_.4‘ ®° w(x) dx

C
o]

(]
[
il
[
]
-

o]

Cy = "]:s_' L x® w(x) dx - 3C,C; - C3
c3 Co
2

-0

[o2]

3
C4=C1—2 Ci/ x* w(x) dx - 4G, C2 Cy - 6C3C; - Ci|- 3
2 )

== CO

DISCUSSION OF THE METHOD

The method used to compute the plasma parameters via Hermite poly-

nomials consists of:
1. Using the measured spectrum to compute the Hermite coefficients

m .
Cz’ through C;, where the superscript m refers to measured values.
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2, For the angle of incidence determined by the Faraday cup,
computing a set of coefficients Cg through C: for each of the 10 values
of the parameter £ in the comparison table, where the superscript t
refers to theoretical values.

3. Finding the value of § for which C¥ = Cr.

4. Using & from step 3, CS’ C?, CZ(@), and Cf(%) to directly
compute Vo’ T, and n.

5. Using C? through C? to fit a curve through the measured spec-
trum and then compute the relative variance of the measurements from the
curve,

6. Computing the differences Cg - Cg(g) and C? - cf(g) as measures
of the excess skew and excess kurtosis, respectively, to tell in what
directions the measured spectra differ from spectra corresponding to con-
vected Boltzmann distributions.

The principal complication, which is glossed over in the above out-
line, arises because the Hermite polynomials are orthogonal over the
interval -® to +w, whereas the measured data cover a limited range of
energy which often does not even include all important contributions to
the peak. On OGO 5, the number of points/spectrum were limited by
(1) only allowing 4 channels above the peak channel, to avoid contamina-
tion by heavier ions, (2) the finite noise level of the electrometer, and
(3) at high bit rates, the first current measurements following a switch
from the low to high sensitivity scales of the electrometer could not be
used. We get the best results when the energy range used to compute the

t t . .
CO through C; in step 2 is truncated to match the energy range of the
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measured spectrum as closely as possible, rather than using the entire

energy range over which TAB(I,J,L) > 0.0000.

COMPUTATION OF COEFFICIENTS OF MEASURED SPECTRUM

A spectrum consists of current measurements in 1 to 8 channels
below the channel with the largest current (the 'peak channel") plus 1
to 4 channels above the peak channel; no more channels are taken above
the peak channel to avoid contamination by heavier ions (for 0GO-5, the
alpha peak is expected to be 10 channels above the proton peak). To
compute the Hermite coefficients for a measured spectrum, the independent
parameter x is chosen to be the difference in channel number: x(I) =
(channel number of measurement I) - (peak channel number), and the func-
tion w is the measured current J(I). Then the first five Hermite

coefficients are calculated as follows:

[0
@=~/ M@dxzz I(I) * A(I)
-0 1
where the A(I) = 1, 2, or 4, according to Simpson's rule of numerical
integration.
1 —
=L DM@ % xm *Am) =%
Co I
1
Cz == z [8¢(1) * x(1)® *A@] - ()2 =0 ?
C
o I

M3
(¢ |l

=1y [J;}E:[&(1> * X(I)® * A(D)] - 3¢] 3 - (C?)S]
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m 1
C, = _—
(Cz)

3
'%E z [8(1) * x(1)* * A(D)] - 4c" * (M2 * T
C
o I

- 6(C1)? * Cp - (ci“)‘*J -3

COMPUTATION OF COEFFICIENTS FOR COMPARISON WITH MEASURED VALUES

First, note that the position and shape of the spectra depend only

on the function T(VI/VO,wo,g), represented in the computer by TAB(I,J,L).

2
The factor qAnv 10-90G1(§)

» on which the amplitude of the spectra depend,
will be worried about later. Thus, the first step in finding the theore-
tical coefficients to compare with the C is to interpolate TAB(I,J,L) to
find a two-dimensional table TA(I,L) for the value of ¢° determined by the
Faraday cup. Then, for each value of the unknown parameter £ (index L in
the table), we compute the CZ(L) as follows:

1. Using the measured currents in the peak channel and the channels

on either side of the peak, interpolate to find the channel number of the

"peak" of the measured spectrum. If d(max) is the largest current measurement

m _ I(max+ 1) - I(max - 1)
*(Peak)” = SIS man) - S(max 1) - I(max <D3]

2. Similarly, find the peaks of the theoretical spectra in the

comparison table:

t _ TA(LP+1,L) - TA(LP-1,L)
x(peak,L) " = JToTA(LP,1) - TA(LPHL,L) - TA(LP-1,1)]

where LP is the value of I for which TA(I,L) is greatest.
3. Then, the values of X, which we wish to use in computing the

Hermite coefficients are given by
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x, = LP + x(peak,L)t - max - x(peak)m + i

4. Interpolate the TA(I,L) to find its values at each X5 call

these values TH(IX,L).
t .
5. CO(L) = }E:TH(IX,L) * A(IX) where the A(IX) are again the
IX

Simpson's rule coefficients.

The equations for the higher order theoretical coefficients Cf(L)
through CE(L) are exactly like those for the measured coefficients Cm,

except that TH(IX,L) is used in place of &(I), with the summation being

over the IX.

CALCUIATION OF VELOCITY AND TEMPERATURE

Next, we perform an inverse interpolation to find the value of E
at which Cg(L) equals Cg. Then, interpolate the CE(L) to find the value
of Cf corresponding to this §. The relation between CT, Cf(i), and the
channel number corresponding to the flow velocity v is perhaps made
clearer by the diagram in Fig. 4, together with reminders that the TA(I,L)
were defined such that VI/VO = 1 when I = 9, that the maximum values of
TA(I,L) are at I = LP (LP usually = 8, 9, or 10, except when the angle is
very large), and that C? is the X or center of the measured spectrum rela-
tive to the observed peak channel. From Fig. 4 we see that x* = (channel
number corresponding to Vo) = {peak channel number + C? - cf(g) - (p +
x(peak,L)tjg + x(peak)m - 9} where the subscript € implies interpolation
of the function within [ ] to the value E.

*
For OGO 5, the conversion of x to velocity in km/sec is given by:

JPIL. Technical Memorandum 33-519
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v =
o]

*
101.32804 + 0.015052(x -A)

where A = 0 for protons and 10 for alpha particles. Temperature in °K is

given by

T = 60.5 vi M/1og

where M = 1 for protons and 4 for alphas.

CALCULATION OF DENSITY

To find density, interpolate the CE(L)

ing to €, Then,

to find the value correspond-

2
1.08 * ¢ 10795 G1 (B

n = .
Q * Co(g) * \A

2K

where Q = 1 for protons and 2 for alphas. The constant 1,08 = — X 10°°

where the factor K = 107'*

eA

/.512 converts the measured currents from

telemetry digits into amperes (all c™ were computed from the digital

output of the telemetry system, which is directly proportional to the

collected currents); e = 1.6 % 107*°

amp; A is the effective detector

area = 2.26 cm®; the factor 10° converts A in km/sec to cm/sec; and the

factor 2 corrects for the error in TAB(I,J,L)

GOODNESS OF FIT PARAMETERS

mentioned earlier.

The following three parameters are computed to measure the good-

ness of fit of the convected Boltzmann model to the measured data:

1. The relative variance of the data from the polynomial fit
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m m m
) 5 -@a-1_-dH?/2d] G [ IHpG
= (1) - e P 1+ A H,

T Vanc® Vel
2
cy I-1_-Cy
+ oy B | —— z (D)
24 —
V! I

where I = channel number and Ip = peak channel number.
m t
2. The excess skew = C; - C5(§).

3. The excess kurtosis = C? - G:(E).

Excess skew can arise when the actual distribution function rises
more rapidly and decays more slowly with increasing energy than a convected
Boltzmann distribution; i.e., a high energy tail would give a positive
value of excess skew. Figure 5 shows the effect of a large amount of
excess skew (ESKEW) for a typical (but hypothetical) spectrum with P, =
4°, € = 2,0, and with three points each above and below the peak channel.

The spectral distortions due to excess kurtosis (EXURT), or curva-

ture, are shown in Fig. 6.

ACCURACY OF THE METHOD

As a check on the accuracy of the method, we have fit a selection
of 28 spectra by both methods — least squares (LS) and Hermite polynomials
(HP). The results of these computations are given in Table 1. The values
of v, T, and n given are those determined by the least-squares fit. The
Av, AT, and An are the Hermite polynomial values minus the least square
values. The LS error is defined somewhat differently than is the HP error,

but to a first approximation they both represent the variance of the data

JPL Technical Memorandum 33-519
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from the curves. The HP error is always exaggerated because the truncated
energy range used in computing the Hermite coefficients leads to a poor

fit (underestimation) at the fringes of the spectrum: this effect does

not necessarily lead to poor estimates of the plasma parameters because

of the pains taken to truncate the theoretical spectra to match the measured
spectra. This effect is illustrated by the fit of spectrum #1, shown in
Fig. 7. For this spectrum, Av/v = 0, AT/T = 0.007, and An/n = 0.024; i.e.,
there was very close agreement between the LS and the HP determined param-
eters despite the apparently poor fit of the HP curve.

In comparing the fits of the other spectra, we note that |Av/v| was
less than 0.02 for all cases and was less than 0.0l for all but one spectrum.
The agreement of the temperatures computed by the two methods is poorer
than for the velocity. Of the 28 spectra, five had |AT/T| > 0.20. One of
these, spectrum #22, for which AT/T = 0.230, was only 3 channels wide and
had a huge HP error. The HP method is not well suited to 3-point spectra.
The other four spectra are plotted in Figs. 8a through 8d; they were all
weird shaped spectra. In the case of spectrum #18, the HP values of
velocity and temperature are probably more realistic than the LS values.

A large value of |AT/T| can arise from a poor fit with either the
LS method, the HP method, or both. In Figs. 9 and 10, |AT/T| is plotted
vs. the LS error and the HP error, respectively. Both plots show some
correlation between IAT/TI and error, which confirms again that for smooth,
well shaped spectra, the HP method gives satisfactory results.

The average values of |Av/v|, |AT/T‘, and |An/n| for the 28 spectra

are 0.003, 0.109, and 0.062, respectively. However, the 28 spectra were
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selected so as to get a wide variety of different spectra; a random

sampling would probably give appreciably smaller average differences.

COMPUTER PROGRAM

The Fortran subroutines used to perform the HP fit are given in
Appendix 4, together with commentary translating the program to the nota-

tion of the text,.
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APPENDIX 1
FARADAY CUP

A scale drawing of the Faraday cup detector is shown on the left
side of Fig. 11. The area of the circular aperture is 20.3 cx®. The
structures labeled G, S, and M are ground, suppressor, and modulator grids,
respectively. The thick ground grid is actually a solid plate with holes
in it. The over-all transparency of the combination of grids was experi-
mentally determined to be 217 for normal incidence, and the relative
effective aperture decreases almost linearly with the angle of incidence
such that the half-width at half-maximum is 20.3°.

The structure denoted by C , 3 is actually three separate collectors,
each in the shape of a 120° sector. G, is a separate collector for parti-
cles that arrive at angles greater than ~ 12°. The right side of Fig. 11
shows these four collectors as viewed from above, together with a smaller
off-center circle that represents an image of the entrance aperture for
particles incident from a direction defined by the angles ¢ and B (R is a
constant). The sizes of the shaded areas Ay, Ay, As, and A, are propor-
tional to the currents to collectors 1 through 4, respectively. For
observations in the solar wind, A, is usually negligible compared with A,,
As, and A;.

Each collector individually and all collectors combined are sequen-
tially connected to an electrometer system whose output is telemetered as
a 9-bit number proportional to the current detected, along with one more

bit to indicate the sensitivity scale of the electrometer. Measurements
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of 1 telemetry unit are equivalent to currents of (0.512)"1 x 107 and
(0.512)'1 x 10™+° amp on the high- and low-sensitivity scales, respectively;
the instrument switches to the proper scale automatically.

The responses of the Faraday cup and the curved-plate analyzer were
experimentally checked with ion, electron, and neutralized ion beams. The
following set of equations (relating the ratios L = Aj/A; and M = Ay /A, to
the angles o and 8) was derived from the calibration measurements, using
both 1- and 5-keV argon ion beams with energy spreads of ~ 3 eV full width

at half-maximum:

il

B(deg) (10.2 - 10,2 L) if L = 0.5

(14.7 - 19.2 L) if 0.25 <L < 0.5

(18.9 - 36.0 L) if L < 0.25

(1- M) (1 +2L)
o(deg) =TTy FM+ L)

X 60

Figure 12 illustrates the accuracy to which o and B can be deter-
mined for a particular example in which Ay + A, + A; = 40 telemetry units,
which is equivalent to a fairly weak solar wind with a total charge flux
of 1.35 X 10° charges cm~2sec™! . The distance between points in this figure
indicates the uncertainty in o and B arising from the digitization of the
collector currents.

The angle o is measured counterclockwise (as viewed from the sun)
from the center of collector 1. The orientation of the Faraday cup is

such that the angles eo and ?, used in analysis of the curved plate

analyzer data are given by:
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Ie I B|sin(a/ +45°)|

B cos(a +45°)

)
n

The sign of 6 is not important due to the symmetry of the curved plate

analyzer.
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APPENDIX 2

FURTHER DETAILS OF THE CURVED PLATE ANALYZER

The electrometer connected to the curved plate analyzer has three
sensitivity scales with automatic switching between scales. The input
current to the electrometer is directly proportional to the output volt-
age, which is digitized as a 9-bit number, along with 1 bit for polarity
and 2 bits for scale indication. Table 2 gives the sensitivity, range,
and rise time of each of the three electrometer scales. The data pre-
sented in this report are on the middle and the most sensitive scales.
Owing to the electronic transients generated when a scale change is made,
the first current measurement made after a switch from the most sensitive
to the middle scale and the current measurements in the first m channels
made after a switch from the middle to the most sensitive scale have been
eliminated before analysis of the spectra, where m = 1, 4 and 8 for space-
craft data rates of 1, 8, and 64 kbit/sec, respectively. At 64 kbit/sec,
when the peak of the proton spectrum is on the middle scale, which it
often is, the elimination of eight channels' worth of data upon switching
back to the most sensitive scale usually results in the elimination of
most of the o-particle spectral peak.

A correction must also be made to the zero-current level of the
measured spectra to account for an anomalous ''photodip' caused by photo-
electrons entering the electrometer system through an exposed slit in the
electronics' cover plate. This photodip is about 20 channels wide and

reaches a peak negative current of between 2 and 8 X 10-'% amp at or near
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channel 72 (E/Q = 348 volts). It varies somewhat in both amplitude and
channel. A few examples are shown in Fig. 13. Fortunately, the photodip
can usually be separated from the positive peaks of the solar wind ions;
the separation process is aided by observations made when little or no
positive-ion flux enters the analyzer, as often occurs in the magnetosheath
and magnetosphere.

The positive-ion data reported here consist of "narrow-fine" spectra
for which the instrument measured the currents in only the 32 comsecutive
channels surrounding the channel with the largest current, as determined by
the previous spectrum. It is also possible to sample all 128 channels con-
secutively ("wide-fine'" spectra) or to sample only every fourth channel
("wide-coarse'" spectra). Compared with the wide-fine mode, the peak-seeking
feature of the narrow-fine mode of operation allows a fourfold increase in
the rate of obtaining spectra, with no loss of energy resolution. Unfor-
tunately, the instrument will choose the anomalous photodip as the ""peak"
if it has greater magnitude (sign is not examined) than the true ion peak.,
Thus, narrow-fine spectra occasionally miss the solar wind peak entirely,

Furthermore, wide-fine, wide-coarse, or narrow-fine electron spectra
can be obtained by reversing the polarity of the deflection voltage and
grounding the suppressor grid when low-energy electrons are detected. The
methods described in this paper could be applied to electron data, but
other methods (which will be described in a separate report) are also avail-
able for cases when it can be assumed that the electron distribution function

is isotropic in the satellite frame of reference.
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7.3 -10.
2.8 -8,
2.3 -8,
2.8 ~-€.
2.8 =%,
2.8 -G,
2.8 -u.
2«8 -2,
2.8 -2.
2«8 O
2.8 0.
2.1 Ze
2.8 2.
2.8 e
2.9 LI
Ze R Ee
2.8 6.
2.9 e
Zaf Be

~00000
« 58284
L00000
« 21211
00000
« 11504
+N0GOT
«12702
.N0000

«N1132
o
02597
0000
« 31540
-00000
«57640
-Npoag
« 38760
-N0000
1.10200
.noooe
t.00%00
«Np0GO
«689380
-NON00
» 31830
o000

+NBB42

06000
« 30634
.00000
«12803
.00000
«N2347
L0000
.00%53
.00000
« 02185
o0

«12280
.00000
«36230
-00000
«60200
-00000
«73140
-.00000
«11250
-00000
«531320
700000
«25890
-00000
«07303
« 00000

«01091

«N0000
.071593
00000
«N2287?
.NO0G0
.n0uzY
00607
.00047
00000
.01085
0

05278
.00000
«12%60
.00080
«18020
00000
20030
00000
«17550
.00000
.1C350
.00000
+0329%
.00600
+00532
.00cao

00082
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«£0052
«00833
«0001C
.N0180
00010
00022
<0045
00002
00000
00117
o0

00520
.CEODDO
.01082
00000
«015086
.0000C
01648
.0nnNpe
01330
.oonac
«00621
.coooe
«0012%
C0aoe
00011
00008

00768
00037
00911
.gooco
+COSCC
00000
+00u4¢
«0coeo
.00CCE
+GC002
»0

.0aao9
.00C0C
.000183
00000
.o0nnz?
00000
«00n30
+000%)
00023
00C88
gaceon
001817
.gooao
«002%6
o000
«0C2°%¢

.00000

«DETLL
00000
«0€21°¢
00N00
+OUEEY
00000
« 02228
.000co
nopnroe
agonrog
«00CCY

«00000

00042

«0Qnee
«£02453
.0goeao
«NG793
«a0nco
«01518%
+0gaeg
«N12232
-00000
3251
00000
J0H213
«00CC0
«03738

00000

25867
arnnn
021622
.gcoan
«133819
<opooe
05788
oonan
00010
«00000
00132
.0goae
«009390
<acoae
«NDHUIS1
.gnoee
«10810
«Onneo
« 16640
.gcpon
«2098C
«ornoo
«208330
«gooon
«23800
«gonroe
«15400

+L00nno

e5432F
«goonn
317201
«Qoaan
«18281
Juillily
«0ERBS
00000
00183
«00000
11811
«0000o
«08236
«0ooon
«27810
-00600
«51000
-0Coan
«E88 70
00000
«137170
«00o00
+67130
«0000onN
86800
00000
20260

000060
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30

1C.
-1n.,
-10.
-3,
-8,
-5
-f.
-4,
-y,

LA

0.

0.

2

L
8e
10,
1C.

10.

«C00Cao
«01127
«C00CC
«043E
.0agcaoc
.NERIS
« 00006
«73380
- 00000
«f0320
«Ggcas
l.1920C
-0Go0n
t.20800
«cgoeo
1.202

«Conoe
«78260
«gooee
«Z2B530
<0000
08715
. C00CC
«NOZEE

«0N26g

.acnan
.no0e0
.0geeo
.01486
.00000
«13550
.0ooco
$ 42 150
.0o00n
+E7740
.0ooen
« 182E0
.C0000
74820
.00000
«*1610
.opooo
.18740
.ogcoe
.03033
.0Cooo
.00178
00000
.nonoy

N aja)ege]]

«gangc

kil

00000

«NOESF

.0coca

«0U0ZS

00000

03211

«0goean

«14100
»0000D0
«119170
«C0C00
05508
«0000C
.00907
«gocao
.00054
<0o0coc
«N0001
«0000C
+000GO

« 00000

«0GNCS
0000
-0CCCC
NCp20
-0C0nGe
00118
00000
200245
00000
«00248
«0Cc00D
00391
aoonn
«0G304
»00ace
000898
00000
00007
«00000
.0ncoo
«gooee
.GOnpo
.C0oQC
LCCO00

0Cr0eGo

00185
00000
«onnge
00000
«0coco
«00CCC
.ooneao
00poe
-0noog
-0Cnce
00000
00rcet
«0000C
+0C0CCC
00000
00000
00014
000C0C
«0C034
«0C000
«00CoHY
00000
«0C053
00060

«00000

«0178Y4
a00nnc
.0C000
aonac
00000
Soceng
<0000
socoen
00022
.ooneg
0157
+NOOCC
00398
Mdddds
«0086SH4
nanoc
2012246
.opoore
02176
0conc
«025858
«0000C
«01375
.aocne

Qonee
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«052141
00000
«0C0C0
L£arnon
«00010
00000
«00175%
00non
«01481
.0oeeon
«05917¢
«00Nge
«1142C
-ononop
«15440
.aoooe
«20860

+aonae

«2435C

«00000
«17760
«0ngon
05281
+00000

.«gonoe

«0451N
00000
«00n21
gy
«0C5135%
00000
«T5130
aongn
«22720
L0000C
«52980
+O0noe
«13550
sognen
«82150C
00000
«73950
«00Nn00
«56750
00060
«21820
+0000C
« 02978
00000

.ggagoer

n

~r

ny

Ny

Ny



APPENDIX 4, FORTRAN SUBROUTINES

AFORCIS FITHFIT

SUBROUTINE ST T(UPMAGYVEL 4 TEMP +DEN JNUTS) WPMAG (1) = (1)
= [a 2 B
COMMON /MOMENT/ TGO ISTCP+TAIIE 10 sJsMaXTLIO)
COMMON /MAXCH/MAXCH
COMMON /TABLE/ TAB(16+11,10)
COMMON /IPART/ ISARY TPART = |1 &e pmb‘f‘s
=2 %r>&ﬁpkus
1 BNGC/Z THETAPHILTFLXsCONELCLOCK _
/8NGC ' ’ LXe . T—HETA' - Qo
1 INDP/ MCHAN -
PHT ‘Po
1 FICHANT TCHAN(ZD) NCHAN = Ywmbar of porats am
A

DIMENSION 13010174110} Tenan (1) - ckannd
DIMENSION YA(1S )+ TH(IE) +XSAVELL1D) :
DYMENSION UPMAG(1)
DIMENSION VARLIT), TZI10),TF 100, T5110)
JMITFIX{PHT*1Z,)/72-1
TELUM.LT.1) gMz]
TFIJN.BT.8) JM=8
DC 32 L=1+10
TMAXZD,
DO 31 IZ1,16
0O 3G Jsielld
30 VARIJIZTAR(I JoL)
CALL INTRP(IPHI+1Z41/724sVARsTAIT oL e JMot) TNTRP 4 ow
IF(TALTILYLLT.TMAX) B0 TO 31 Tnpoloivn tedindi
TMAXZTA(TINL)
MAXTILIZT
31 CONTINUF
32 CONTINUF

FMAXZD,
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PO 34 T=1+NCHAN

IF(UPMRGITI) . LELEMAX) GO TO 34

EMAXZUPMAS(I)
HAXEST

MAXCH=ICHANITI)

34 CONTINUS

EMAY = Loaget (1)
ANY C

WTAC 7 T -’6 W A1) = raax,
MAACH = chamnel s of Lowgpat H(1)

-

EXPKZ(UPMAGI(MAXE+])-UPMAGIMAXE=1) /2,71 Z*EMAX-UPMAGIMAXE+]1-UPMAG

T(MAXE-11)

DO 38 L=1.10

LP=MAXT(L)}

EXPK = 2(peol)™

TXPKZ(TAILP+ 1oL ) =TRLLP-1oL)) /2720 TRILP L) -TAILP O] L)-TAILP-1s1)

n
D0 36 I=1s1E
36 VA(IN-TALTINL)
DO 37 M=1+NCHAN
XZTIXPK-SXPK+FLOAT(LP+M-MAXE)
IFIMEQ.MAXE) XSAVE(LIZX
IC0=X-1.
IFLIGN.LY.1} TR0Z1
IF(IG0.CT.13) T60T1%
CALL INTRPUX VA THIM)«IGOWY)
IFtTHIMY LT.D.) TH(M)ZO,
27 CONTINUF
TZELI=SHMPITHs1 s NCHAN)

TELLISFMOFR L1 YHY 7 T2LL)

TSILITFMOE(Z o THYI/ZTZULY=TFIL ) o2

IF(TSILI.LE.D.) 6O TO 43

TXPK= % perk L’

¢
T2(L)=C (L)
TF (W) =ct)
Ts()- e W) .
T3(L) = ¢t (L)

TILIZOTSUL ) oo ( - 15 ) s A FMOEH 25 THY /TZ2IL) -3¢ TF L)« TSHILI-TFILIwe3)

32
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THELICTSILI 9602 ) b tEMOEIGaTHYI/TZILY =4, sTFIL) s ITSIL oo (1 500 0T20L

— t
115, TF QL) o 20TSUL)-TFILIoay)-3, Ty (L) = th (‘-)
WRITECFo40) LeTZ0L) o TFILI#TSIL IoT3ILY#THIL)

4C FORMATITIUSE106e29IM)

38 CONTINUT

Y
CIISMPIUPMAG 1 oNCHAN) tE2-=C,
EFSFMOE( 1 UPMAG)I/E2 EVF = C,‘"‘
ESIFMOT(2s UPMAGY /E2-EF # £F ES= QO™
2-
IFIES.GT.0.180 TO 44 ™
E3~C,
WRTTE(S+144)
- m
Ey4=Cy
140 FORMAT(13H4 NEGATIVE ES.)
NUTS=2 . J.é NUTS = |, o s O.K
RE TURN tnldm 't o epeelitom
5—9) &/ f‘\J ,J/

UH E3ZESea(~1,5)0{FMOEL 3o UPMAG)/EZ-39EFsES-EFe+3)
EYSESes (=7 )2 (FMOE LY UPMAC I PEZ -4 sEF ¢lESe9]  5)10ET-Be¢lEFo07)1¢E-EFo
1egy-32,

J=0

WRITE(GC s UN)JeE22EFESHE34EN

KNT=0

B0 B2 J=1+§

TFUTSIJ) «CELESANDLTSUU+1I4LTLESY GO TO Bl
G0 YO 52

Rl J72J
KNTZKNT+1

52 CONTINUZT
IF{KNTFR.1) %0 TC GO
IFIKNTZQ.0) WRTTF (6,52

3 FORMAT(I3H ES NOT WTITHIN RANGE OF TS TABLE.]
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34

g

e

r3

o

IFIKNTLYa1) HRITE(GsEY)
FORMAT(Z22Y TC TABLE MULTI-VALUED.)
NDJTS =2

RETURN

WRTITE(G50)

FORMAT(Z?2H NEGATIVE TS1J) VALUE,)
GO0 70 =°¢

Ic0zu?

IFLIGC.0TLT) InR0Z?

YZ=TS(IG3)

YI=71S{If0+1)

Y2=TSUTIZG+2)

YIZTTSIIGO+3)

Xz7=

by

o

Xz

-
m

S=YI)e(ES~¥2) e ES~Y3) /7 1Y Z-Y2 27 UY2-Y2)/1Y2-Y3)eX?

PUEC-YZ I oS -Y2 e (ES-YI ) /IYI=-Y2 /70 =Y2) /7 Y1-Y2)sl1X2014)

HUES-YTIO(ES-Y 1) ol ES-Y 32 UYZ=V2Z) /Y 2-Y1)/74Y¥2-Y3) 0 (X242 ,)

FUES-VZ ) olET=Y IO (ES-Y2 )/ 0Y2-Y2 2031V /71Y¥23=-¥Z)olX203,)

TG ALROT=0.ZsK+1.7

RCTZ1C.eefLROT

CALL INTROUXsTFsFeI041i)

COLL INTRPUXe¥TAVE »XUSELICCHY)
CPOAKCFLOATIMAXCHI4EF-F-XUSE+ T,
IT(IPART E3,2) CPFAK=CPEAV-1D,
VEL=10.##11.329044 ,015052+ CPEAK)
FACTOR-IFPART4+Ze(IFERT-1}

TEMP = CECToVELeVELWFANTOR/ROT

CALL INTRP(XeT2¢2s10C )

ALRDT = £

cPEAY = ¥

VEL = A%,

TEMP =T
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COLL INTRF({XeTSeTSIIGOeY)
CALL TINTRP(IXeT3eT3TI+1G0.4)
COLL INYRPUIXsTU»TUT «ICGOY)

X=ALROQY

THECORZ1Q,# ¢ (THETAS THETA« 15, 05006~1C+GER0#X 98,6221 e¥0e2-1,50€110¢

1¥Yes3)71C00.)
DENZ1.N80¢ZZ/FL0AT(IPARY)/Z/VEL «THECOR
NUTSZ1

J=93

URITE(ESUD) JrZeFsTSIWT2I,T4]T
ESKEW=F3I-T3I

CKURTSEY-THT

SUM

m

:.’]'
SUME =D,
COEF=E7/SARTI(ELZR24ES)

HRTTE(S4+100)

1060 FORMATISH CHANMyEX s 5HUPMAGHEX»BHCURMYEX P YHOURT)

0N 105 Iz1aNCHAN
XZUTLCAT(TCHAN(T ) -MAXCH)-EF)/SGRTIZS)
FEZEXPL-0.5¢%XeX)

SKEWZX#93-3,0%

FHRURTIX# o 4G, s Xt X+ 3,

CURMZCOEF #FE o (1,47 J¢SKEW/EL,PEU«FKURT/ DY)
SUME ZTUME+ (CURM=-UPMAGIT))es?
SUMCZSUMZIHUPMAG(TI Y+ UPMAGLT)
XSUFLOSTYLTICHANI T)-MAXCH)- F)ASGRTILES)
FEZEXP{-0.,50¥eX)

CRKEWZY se3-T 0¥
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DE '\l = CQQ:L‘J),tq__\: “nio v AHU(

CLRM = wrlut % Aneaks
00%»&poa&¥n%ﬁ£4&4 C%m

CURT = aratut % Luaraadn
tnespindeig b 1o CF
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FKURTZX*#4-GC.eXe X3,
CURT=COEFaFE o (1, +T3IvSKEW/Ge?*TUTFKURT/2Y )
WRITELG2101)TCHANET) oUPMAGITI) s CURMLCURTY

10) FORMAT(IS«3FID.0)

105 CONTINUT

ELSe=SUME/SUMC

MRITE(6+110) ELSOsESKEWEKURT £ LSQ = mvamatke
110 FORMAT(IF10.5) = HP ero

RE TURN

END

AFORSIS FMOE
FUNCTICM FMOE (IUPSUFPMAG)
DIMENSIOM VAR(IZ7)1UPMAGIL)
COMMON /NDP/ NCHAN /ICHAN/ ICHAN 120D} /MAXCH/ MAXCH
O 1 T=1.NCHAN
1T VARCIVC-UPMAGK(T ) oFLOATCITCHANITI)-MAXCH) esTIUP)
FMOEZSMP LY ARS 1 +NCHAN)
RE TURN
END
IFORYIS INTRPSINTRP

SUBROUTINE INTRPUXeVADP s Yoy TGO+KNT)

c

c INTERPOLATION 9Y RESSELS FORMULA IV ON PAGE 77 OF SCARBOROUGHS,
c IGO IS INDEX CF FIRST OF 4% VALUES OF VAR TO0 BE USED.

c DELTA ¥ = H = 1.

c INPUT X» GET Y 0QUT.

c

DTMENSION VAR(1)
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YMZVAR{IGOC)
YZIVAR(ICGOD+1)
DYMZYZ-YM
IFIKNY.CGT,2) 50 10 3
USX-FLOAT(IGO)
YIYM+UesDYM
RE TURN

3 Y1=VARIIGO+2)
DYZ=Y¥1-YZ
DODYM=DYZ-DYM
U=X-FLOAT(IGO+1}
IF{KNT.GT,3) B0 YO 4
Y=YZAUs{DYM4DYZ}/2.4UsUsDDYM/Z,
RE TURN

4 YZ-VAR(TICO+3}
nyizvy2-vl
poYzZz=2v1-0VY2
DODYM=DDYZ?-DOCYM
YSVZH4UCIYZIUS(U-1)8(DDYMIDDYZ VU4 U~,5)eUsiU-1,2¢DDDYM/E,
RE TURN
END

IFORIIS SMP,SMP

FUNCTION SMP(YsM14M2)
DYMENSION Y(21)
1000D=0
N2:=M2
“UM=g0.

IF(MOD(M2-M1+21.E0.0) €0 TO 1
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38

10

YiMZ+1) =0,

NZZMZ+1

DO 16 I=M1eNZ

IODC=TI03D+1
IF{TI.E0.M1.0Re1I.FQ9,N2) GG TO
IF{MCI(TO0ID+2),.5Q.0) GO TC 2
SUMZSUMeZ,¢Y(T)

G0 10 10

SUMZSUM+L . s YL T)

G0 T0 10

SUMzZSUMsYIT)

CCNTINUT

SMPoSUM/ T,

RETURN

£ND
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g

)

-

g TABLE 1.

(¢]

(¢

g- # particle

.

(¢

o 1 -1.6 proton

—

Z 2 -2,6  proton

(B‘D 3 -2.5 alpha

o] 4  -0.2 proton

=

g 5 -0.1 alpha

;% 6 -4,7 proton

S 7 -5.2  proton

o 8 -0.7 proton

&1 9 -4,5 proton

e

Ne) 10 -1.3 proton
11 -2.1  proton
12 -4,7 proton
13 -6.0 proton
14 -0.8 proton
15 5.1 proton
16 -1,1 proton
17 0.4 proton
18 8.2 proton
19 2.1 proton
20 1.7 proton
21 3,0 proton
22 4,3  protom
23 5.5 proton
24 2,7 proton
25 9,2 proton
26 3.3 proton
27 1.8 proton
28 2.6 proton

6¢

v

373.8
395.6
391.0
385.6
386.3
322.4
408.8
406.2
417.0
388.5
404 .0
506.7
458.,5
580.4
617.3
515.0
542.6
5442
531.2
513.0
440 .4
589.8
460,9
437.0
4523
439,7
442 4
421,2

km/sec

T

87.9
56,9
411.8
53.1
355.8
17.0
189.9
71.5
48.7
42.9
86.4
36.0
51.4
181.7
67.2
33.2
72.0
1033.9
111.2
90.2
284.9
42,9
107.9
69.4
122,0
225,.2
99.2
37.6

10® °k

4.1
3.1
0.4
3.4
0.2
2.8
8.9
3.5
3.6
3.4
3.4
5.7
3.2
5.6
12.5
3.3
1.7
10.0
3.8
2.2
3.3
0.6
10.0
3.4
4.7
9.1
4.2
2.3

cm

LS

error

.0004
.0019
.0040
.0074
.0042
.0015
.0123
.0120
.0021
.0003
.0032
.0012
.0019
.0054
.0035
.0091
.0105
.0085
.0026
.0025
.0093
.0107
.0035
.0084
.0076
.0025
.0068
.0006

HP
error

.0071
.0047
.0505
.0841
.0110
.0059
.0238
.0579
.0058
.0017
.0147
.0081
.0632
.0326
.0422
20217
.0567
.0429
.0149
.0027
.0547
4510
.0243
.0116
.0193
0241
.0978
.0791

eskew

.01

ekurt

Av /v

.000
-.002
.003
-.008
-.002
.000
-.001
.007
.002
.001
-.006
.000
-.001
-.006
.000
.002
-.004
-.019
-,001
.001
.001
.001
-.002
-.002
-.000
.007
.001
-.001

AT/T

.007
.033
.094
.250
.072
.065
.167
.110
<142
.023
.150
.067
.066
.228
.155
.018
.224
.391
.089
.004
.051
.230
077
049
.029
.095
2095

-.064

An/n

.024
.032
.000
-.206
.000
.036
-.034
-.029
.083
.029
.176
.070
.031
-.125
-.104
-.091
-.118
-.039
.026
.000
.000
-.200
-.020
.029
-.021
-.099
072
-, 044

RESULTS OF FIT BY LEAST SOQOUARES AND HERMITE POLYNOMIALS

Number of points
in spectrum

8

o0 N N N W N N Ny Py 0 0t
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TABLE 2

CHARACTERISTICS OF CURVED-PLATE ANALYZER ELECTROMETER

Scale Most Sensitive Middle Least Sensitive

Current for -14 12 -10

. 10 10 10
Digital output 0.512 0.512 0.512
= 1, amp
Current for
Digital output %4%% x 1071 5'1; X 107° %4%% X 1077
= 511, amp : 3. °
Rise time
(10 to 90%) 0.25 0.025 Rate Limited

seconds
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615-¢¢ WNPUBIOWIN [BITUYDIS]L Td[l

874

COMPOSITION

FARADAY CURVED-PLATE
cup ANALYZER
’ |

N EsoLUTe DIRECTION

RESOLUTION

APPARENT ™ 8o b E/Q SPECTRUM

CHARGE FLUX l

| ION
I DENSITY
TEMPERATURE, T VELOCITY, v, (ASSUMING
ISOTROPY), n
CORRECTED TOTAL

CHARGE FLUX
=2Zq.n.v,

+

i
ELECTRON
DENSITY, n
e
Fig. 1. Logic diagram for the calculation of solar-wind parameters
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x>

<

N\
N\

!
|
> |
|
|
|

\

THE SUN IS NOMINALLY IN THE +% DIRECTION.
NORMALLY INCIDENT PARTICLES HAVE 6= ¢ =0.
THE xy PLANE IS THE ANALYSIS PLANE.

Fig, 2. Definitions of 6 and ¢
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v

1.0

, ¢> cos ¢

V1

R

RELATIVE EFFECTIVE APERTURE

(&)
(8}

CHANNEL CENTERS
I1-2 1-1 I I+1 I+2

T T T
¢-
6
10 deg
I 1
0.85 0.90 0.95 1.00 1.05 1.10 1.15 .20
E v2
RELATIVE ENERGY/CHARGE = — « "]
V.

I
Fig. 3. Relative effective aperture of the curved-plate analyzer
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*

x|

—_

MEASURED

1
[

[LP +x PEAK, L)f]c_- % (PEAK)™ - 9

——
PEAK CHANNEL

1

¢, THEORETICAL

I=9 r h

N

[LP +x (PEAK, L)']€ - x (PEAK)

Fig. 4. The relation between x*, C

the channel number

m

1 c’i(g), and
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CURRENT (ARBITRARY UNITS)

CHANNEL NUMBER
Fig. 5. The effect of a large ESKEW
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CURRENT (ARBITRARY UNITS)

0.3

0.2

o
—_

-3

-2

Fig. 6.

CHANNEL NUMBER
The effect of a large EKURT
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400 T
SPECTRUM #1
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=
Z
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Q
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78 80

Fig, 7.
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CURRENT, TELEMETRY UNITS

615 ~¢¢ WNPUBIOWSN [BDTUYDDT, Tl

1000 T T T T T 500 T T T T T
(a) (c)
SPECTRUM #4 SPECTRUM #17
800 - —~ 400}~
600 |- — 300} \ g
400 - - 200}
200 |- — 100
o)
0 ] | I | | 0 I 1 | i i

80 81 82 83 84 85 8 90 91 92 93 94 95

500 T T T T T 200 T T T T T
(b) (d)
SPECTRUM #14 SPECTRUM #18 °
400 |- - 160
300 |- — 120
200 - 80
¢
100 4 4
0 | 1 | S ] 0 1 I ] ! ]
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Fig. 8. Four spectra where IAT/T| > 0.20
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Fig. 11, OGO 5 Faraday cup detector. (Left) Scale drawing of the OGO 5
Faraday cups. (Right) Arrangement of the four current col-
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(shaded areas) for a beam of particles entering the instrument
from a direction corresponding to the angles a and .
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